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Summary
My work describes two sectors of the human bacterial environment:
1. The sources of exposure to infectious non-tuberculous mycobacteria.
2. Bacteria in dust, reflecting the airborne bacterial exposure in environments protecting from
or predisposing to allergic disorders.
Non-tuberculous mycobacteria (NTM) transmit to humans and animals from the environment.
Infection by NTM in Finland has increased during the past decade beyond that by
Mycobacterium tuberculosis. Among the farm animals, porcine mycobacteriosis is the
predominant NTM disease in Finland. Symptoms of mycobacteriosis are found in 0.34 % of
slaughtered pigs. Soil and drinking water are suspected as sources for humans and bedding
materials for pigs. To achieve quantitative data on the sources of human and porcine NTM
exposure, methods for quantitation of environmental NTM are needed.
We developed a quantitative real-time PCR method, utilizing primers targeted at the 16S
rRNA gene of the genus of Mycobacterium. With this method, I found in Finnish sphagnum
peat, sandy soils and mud high contents of mycobacterial DNA, 106 to 107 genome
equivalents per gram. A similar result was obtained by a method based on the
Mycobacterium-specific hybridization of 16S rRNA. Since rRNA is found mainly in live cells,
this result shows that the DNA detected by qPCR mainly represented live mycobacteria.
Next, I investigated the occurrence of environmental mycobacteria in the bedding materials
obtained from 5 pig farms with high prevalence (>4 %) of mycobacteriosis. When I used for
quantification the same qPCR methods as for the soils, I found that piggery samples contained
non-mycobacterial DNA that was amplified in spite of several mismatches with the primers. I
therefore improved the qPCR assay by designing Mycobacterium-specific detection probes.
Using the probe qPCR assay, I found 105 to 107 genome equivalents of mycobacterial DNA in
unused bedding materials and up to 1000 fold more in the bedding collected after use in the
piggery. This result shows that there was a source of mycobacteria in the bedding materials
purchased by the piggery and that mycobacteria increased in the bedding materials during use
in the piggery.
Allergic diseases have reached epidemic proportions in urbanized countries. At the same time,
childhood in rural environment or simple living conditions appears to protect against allergic
disorders. Exposure to immunoreactive microbial components in rural environments seems to
prevent allergies.
I searched for differences in the bacterial communities of two indoor dusts, an urban house
dust shown to possess immunoreactivity of the TH2-type and a farm barn dust with TH1-
activity. The immunoreactivities of the dusts were revealed by my collaborators, in vitro in
human dendritic cells and in vivo in mouse. The dusts accumulated >10 years in the
12
respiratory zone (>1.5 m above floor), thus reflecting the long-term content of airborne
bacteria at the two sites. I investigated these dusts by cloning and sequencing of bacterial 16S
rRNA genes from dust contained DNA. From the TH2-active urban house dust, I isolated 139
16S rRNA gene clones. The most prevalent genera among the clones were Corynebacterium
(5 species, 34 clones), Streptococcus (8 species, 33 clones), Staphylococcus (5 species, 9
clones) and Finegoldia (1 species, 9 clones). Almost all of these species are known as
colonizers of the human skin and oral cavity. Species of Corynebacterium and Streptococcus
have been reported to contain anti-inflammatory lipoarabinomannans and immunmoreactive
beta-glucans respectively. Streptococcus mitis, found in the urban house dust is known as an
inducer of TH2 polarized immunity, characteristic of allergic disorders.
I isolated 152 DNA clones from the TH1-active farm barn dust and found species quite
different from those found from the urban house dust. Among others, I found DNA clones
representing Bacillus licheniformis, Acinetobacter lwoffii and Lactobacillus each of which
was recently reported to possess anti-allergy immunoreactivity. Moreover, the farm barn dust
contained dramatically higher bacterial diversity than the urban house dust. Exposure to this
dust thus stimulated the human dendritic cells by multiple microbial components. Such
stimulation was reported to promote TH1 immunity. The biodiversity in dust may thus be
connected to its immunoreactivity. Furthermore, the bacterial biomass in the farm barn dust
consisted of live intact bacteria mainly. In the urban house dust only ~1 % of the biomass
appeared as intact bacteria, as judged by microscoping. Fragmented microbes may possess
bioactivity different from that of intact cells. This was recently shown for moulds. If this is
also valid for bacteria, the different immunoreactivities of the two dusts may be explained by
the intactness of dustborne bacteria. Based on these results, we offer three factors potentially
contributing to the polarized immunoreactivities of the two dusts: (i) the species-composition,
(ii) the biodiversity and (iii) the intactness of the dustborne bacterial biomass.
The risk of childhood atopic diseases is 4-fold lower in the Russian compared with the
Finnish Karelia. This difference across the country border is not explainable by different geo-
climatic factors or genetic susceptibilities of the two populations. Instead, the explanation
must be lifestyle-related.  It has already been reported that the microbiological quality of
drinking water differs on the two sides of the borders. In collaboration with allergists, I
investigated dusts collected from homes in the Russian Karelia and in the Finnish Karelia. I
found that bacterial 16S rRNA genes cloned from the Russian Karelian dusts (10 homes, 234
clones) predominantly represented Gram-positive taxa (the phyla Actinobacteria and
Firmicutes, 67%). The Russian Karelian dusts contained nine-fold more of muramic acid (60
to 70 ng mg-1) than the Finnish Karelian dusts (3 to 11 ng mg-1). Among the DNA clones
isolated from the Finnish side (n=231), Gram-negative taxa (40%) outnumbered the Gram-
positives (34%). Out of the 465 DNA clones isolated from the Karelian dusts, 242 were
assigned to cultured validly described bacterial species. In Russian Karelia, animal-associated
species e.g. Staphylococcus and Macrococcus were numerous (27 clones, 14 unique species).
This finding may connect to the difference in the prevalence of allergy, as childhood contacts
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with pets and farm animals have been connected with low allergy risk. Plant-associated
bacteria and plant-borne 16S rRNA genes (chloroplast) were frequent among the DNA clones
isolated from the Finnish Karelia, indicating components originating from plants.
In conclusion, my work revealed three major differences between the bacterial communtites
in the Russian and in the Finnish Karelian homes: (i) the high prevalence of Gram-positive
bacteria on the Russian side and of Gram-negative bacteria on the Finnish side and (ii) the
rich presence of animal-associated bacteria on the Russian side whereas (iii) plant-associated
bacteria prevailed on the Finnish side. One or several of these factors may connect to the
differences in the prevalence of allergy.
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1 Review of the literature
1.1 Human exposure to environmental bacteria
Humans are exposed to bacteria via the body surfaces on the skin and the respiratory,
gastrointestinal and urogenital tracts. Bacteria are recognized and phagocytosed by the cells of
the innate immunity (monocytes, macrophages, dendritic cells), which trigger inflammation
and induce the establishment of adaptive immunity. Commensal bacteria colonize the human
body surfaces excluding the distal parts of the respiratory and the urogenital tracts.
The human skin forms a physical and a chemical (low pH, antibacterial peptides and fatty
acids, proteases, lysozyme) barrier against environmental bacteria. Commensal bacteria,
dominated by corynebacteria, propionibacteria and staphylococci, colonize the skin (Table 1).
The relation between the host and commensal bacteria shows features of mutualism. The
commensal bacteria protect the skin from pathogens by competition for nutrients and by the
production of antimicrobial compounds such as bacteriocins (Cogen et al., 2007).
Table 1. Bacterial species colonizing the human skin (data taken from Gao et al., 2007)
arranged by phylum (Actinobacteria, Firmicutes, Proteobacteria). Gao et al. (2007) isolated
16S rRNA gene clones (n=1221) from the forearm skin of six individuals (three male and
three female). The table shows the species found from the skin of at least five out of the six
individuals studied, and the proportions of each species among the clones.
Species % of clones,
n=1221
Actinobacteria
 Corynebacterium tuberculostearicum 6.4
 Propionibacterium acnes 21
Firmicutes
 Finegoldia AB109769 1.3
 Staphylococcus caprae 3.5
 Staphylococcus epidermidis 2.9
 Staphylococcus hominis 1.6
 Streptococcus mitis 2.7
Proteobacteria
 Acinetobacter junii 2.5
The respiratory epithelium, 70 to 90 m2 in area, is the largest surface of the human body
exposed to environmental bacteria. Majority of respired bacteria are caught in the mucociliary
lining of the upper airways (Nicod, 1999). Particles of <5 ?m in diameter e.g. bacteria and
fungal spores, may migrate in the airways past the terminal bronchioles and reach the alveoli
(Fig 1). The immune cells of the respiratory system, macrophages and dendritic cells,
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recognize and take up bacteria and bacterial cell components, initiate and regulate the immune
response or the establishment of immunological tolerance (Nicod, 1999).
Fig 1. Schematic presentation of the human respiratory tract adopted from Macher et al.
(1999).
High numbers of culture-undefined commensal bacteria (~1014), predominantly Clostridia
and Bacteroidetes, colonize the human gastrointestinal tract (Eckburg et al., 2005, Magalhaes
et al., 2007; Rajilic-Stojanovic, 2007).The intestinal epithelium is the physical barrier
between the human body and the intestinal lumen. Bacteria entering the gastrointestinal tract
through ingestion face a low pH environment in the stomach and then competition with the
gut commensal bacteria for attachment on the intestinal epithelium (Tlaskalová-Hogenová et
al., 2004).
1.2 Environmental mycobacteria
Members of the genus Mycobacterium (151 species, Deutsche Sammlung von
Mikroorganismen und Zellkulturen, June 2008) comprise obligate and opportunistic
pathogens for humans and animals (Primm, 2004). Majority of the species belong to
environmental mycobacteria, also called non-tuberculous mycobacteria (NTM), as distinct
from the obligate pathogenic species belonging to the M. tuberculosis complex (Table 2) and
M. leprae.
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Table 2. Concepts used in this thesis defined.
Concept Definition
Environmental bacteria Bacteria able to survive outside a living
host.
Environmental mycobacteria Mycobacteria which are inhabitants of the
environment as saprophytes, commensals
or symbionts.
Non-tuberculous mycobacteria Mycobacteria not belonging to the M.
tuberculosis complex (M. tuberculosis, M.
bovis, M. africanum,  M. microti, M.
caprae, M. pinnipedii [Cousins et al.,
2003]).
Slow-growing mycobacteria Mycobacteria which require 7 days or more
to yield colonies on laboratory media under
optimal cultivation conditions. Includes the
pathogenic sp. of the M. tuberculosis
complex and M. avium.
Fast-growing mycobacteria Mycobacteria which, under optimal
cultivation conditions, yield colonies on
laboratory media within less than 7 days.
Pathogen A biological agent that causes disease.
Opportunistic bacterial pathogen Bacteria which are pathogenic mainly when
the host's resistance is impaired.
Obligate bacterial pathogen Bacteria which must infect a host to survive
and cause disease to transmit.
1.2.1 Porcine and human infection by NTM
Pig mycobacteriosis is the predominant animal mycobacterial disease in Finland with a long-
term average prevalence 0.34 % (Ali-Vehmas et al., 2004). Pig mycobacteriosis is
characterized by tuberculous lesions found predominantly in lymph nodes of the head and
neck or of the mesentery (Thorel et al., 1997). The prevalence of tuberculous lesions in
slaughter pigs increased in Finland from 0.07 % in 1998 to 0.85 % in 2003 and then gradually
declined to 0.24 % in 2007 (Tirkkonen et al., 2007a; Satu Salmela, personal communication
21 Aug 2008). Prevalence of 0.5 % has been reported for pig mycobacteriosis in the
Netherlands (Komijn et al., 1999) and 10 % in Germany in an area where pigs were fed with
peat (von Durrling et al., 1998). Economic losses of ~0.5 million euros per the annually
processed 2.1 million carcasses (Information Centre of the Ministry of Agriculture and
Forestry of Finland, 2005) are caused in Finland due to condemnation of pork infected by
mycobacteria.
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The predominant NTM species in both human and porcine mycobacterial infections are
members of the Mycobacterium avium complex (MAC). Members of MAC caused 34 % of
the 3,961 human mycobacteriosis cases in Finland between 1995 and 2004 (Iivonen et al.,
2005) and 29 % of the 22,884 human mycobacteriosis cases reported in the multi-country
survey by Martín-Casabona et al. (2004). NTM disease is most common among AIDS
patients and individuals with a predisposing lung condition (e.g. chronic obstructive
pulmonary disease) (Falkinham, 1996). NTM disease among immunocompetent individuals is
most often pulmonary and among the immunocompromised predominantly disseminated.
NTM disease is chronic and treatment is complicated by the widespread antibiotic resistance
among NTM (Falkinham, 1996; Petrini, 2006). The close genetic relatedness between human
and porcine M. avium isolates (Komijn et al., 1999; Möbius et al., 2006; Tirkkonen et al.,
2007b), suggests pigs as a vehicle for human M. avium infections or common sources of
infection for pigs and humans.
1.2.2 Reservoirs of environmental mycobacteria
Mycobacteria are ubiquitous in the environment. Soil (Iivanainen et al., 1997; Cheung &
Kinkle, 2005; Kazda J., 2000) and sphagnum peat (Kirschner et al., 1992; Matlova et al., 2005)
have been reported as habitats rich in mycobacteria. The numbers of M. avium, M.
intracellulare and M. scrofulaceum correlated with warm temperature, low pH, low dissolved
oxygen, high soluble zinc, high humic acid and high fulvic acid in the swamp soils studied by
Kirschner et al. (1992). Although mycobacteria are frequently found in surface waters
(Torkko et al. 2000), drinking waters (Vaerewijck et al., 2005; von Reyn et al. 1993) and
drinking water distribution systems (Torvinen et al. 2004; Tsitko et al., 2006) they are not
regarded as aquatic organisms (Collins et al., 1984). The mycobacteria found in waters are
assumed to runoff from e.g. peat lands (Iivanainen et al., 1993) or faecal material of farm
animals (Bland et al., 2005).
The routes of NTM infection are unclear but bedding materials have been suspected as
sources of infection for pigs (Matlova et al., 2003, 2004, 2005; Windsor et al., 1984), and
food (Yoder et al.,  1999; Argueta et al., 2000), drinking waters and peat-rich soils for humans
(Primm et al., 2004).  NTM disease occurs among farmers and farm workers possibly due to
contact with soil (Reed et al., 2006) or animals and their excrements (Nichols et al., 2004).
1.2.3 Detection of mycobacteria
Isolation of environmental mycobacteria on culture media is preceded by decontamination
using acids, alkali, detergents or their combinations, to inactivate competing microbiota.
Mycobacterial culture methods are insensitive (only ~5 % of mycobacteria survive the
decontamination), time consuming (up to several weeks incubation) and not suited for
quantitative analysis (Kazda, 2000; Nichols et al., 2004). Isolation of mycobacteria on non-
selective media without prior inactivation of faster growing organisms, as carried out by
Andersson (1999), is feasible yet laborious. Microscopy, with antibodies (Naser et al., 2002)
or oligonucleotide probes (Lehtola et al., 2006), has been used for culture-independent
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detection of mycobacteria. Microscopic counting is however hindered by aggregation of the
hydrophobic mycobacterial cells. PCR methods, targeted for the 16S ribosomal RNA (rRNA)
gene (Kox et al. 1995; Talaat et al. 1997; Mendum et al. 2002; Shrestha et al. 2003) and the
65 kD Hsp gene (Telenti et al., 1993; Khan et al. 2004), have been developed for the detection
and enumeration of mycobacteria in the environment and in clinical specimens.
Quantitative methods are required for identifying the environmental sources with high
numbers of mycobacteria (Nichols et al., 2004). The 16S rRNA gene is a suitable target for
Mycobacterium-specific quantitative PCR (qPCR) due to (i) the presence of conserved
regions for binding of genus-specific primers and (ii) because mycobacterial inter-species
variation in the gene copy number is low (1 or 2 copies per genome) (Klappenbach et al.,
2001).
1.3 Indoor bacteria
Indoor dust has been reported to contain up to 107 cfu g-1 of culturable bacteria (Andersson et
al., 1999). Live dustborne bacteria may be sub-lethally damaged and therefore require
resuscitation, glucose-free media and low cultivation temperatures (10°C to 20°C) for growth
(Andersson, 1999).
Dustborne bacteria are damaged by light, desiccation and oxidative stress. Desiccation
exposes cellular proteins, nucleic acids, and lipids to reactive oxygen species and to Maillard
reactions with reducing sugars (Bale et al., 1993; Potts, 1994; Billi & Potts, 2002). The
phospholipid bilayer of the cell membrane, stabilized by water molecules, may convert to
micelles or cylindrical bilayers upon dehydration (Cox, 1992). The dehydrated lipids react
with oxygen to form peroxides and hydroperoxides. Dehydration may cause irreversible
changes in the tertiary structure of proteins resulting in loss of activity. DNA damage, caused
by reactive oxygen species and UV or ionizing radiation, accumulates in the DNA of
dehydrated cells due to inactive DNA repair (Potts, 1994; Billi & Potts, 2002).
When using impaction methods for the collection of airborne bacteria, the bacteria are further
stressed by impacting onto agar culture media. This reduces the viability of the bacteria
(Stewart et al., 1995). Resuscitation media have therefore been used to improve recovery of
sublethally damaged aerosolized bacteria (Andersson et al., 1999). The aerosolized bacteria
are treated with resuscitation medium prior to cultivation on laboratory media. Resuscitation
media contain compounds which protect the cells from the osmotic shock of rehydration (i.e.
polyethylene glycol) and intermediates for the synthesis of biomolecules (i.e. peptone).
Also nonculturable bacteria and bacterial cell fragments may be biologically reactive (Hessle
et al., 2000). Therefore also the unculturable majority of dustborne bacteria (Eduard et al.,
1990; Lange et al., 1997) must be characterized to understand the microbiological basis of
dust biological activities.
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1.4 Immunoreactive dustborne compounds of bacterial origin
Several studies have shown that house dusts contain immunoreactive microbial components
(Boasen et al., 2005; Ng et al., 2006; Batzer et al., 2007; Huttunen et al., 2008, Lappalainen et
al., 2008). The immunomodulatory microbial components in dust originate from both bacteria
and fungi (Allermann et al., 2006). My thesis focuses on the role of bacteria.
 Cells of the innate immunity (macrophages, dendritic cells, neutrophils, eosinophils, natural
killer cells) recognize conserved microbial components by toll-like receptors (TLR) and Nod
proteins (Janeway & Medzhitov, 2002; Girardin & Philpott, 2004). Stimulation of the innate
immunity by microbial components triggers an acute inflammatory response, which involves
the secretion of pro-inflammatory cytokines and induction of antimicrobial genes.
Dendritic cells, positioned at the interface of the innate and the adaptive immunity, undergo
maturation to express co-stimulatory molecules on their cell surface and increase antigen-
presenting capacity upon microbial stimulation. Activated by microbes or their components,
the dendritic cells migrate from the epithelium to secondary lymphoid organs e.g. lymph
nodes. In the lymph nodes dendritic cells prime naive T cells with cytokines, the composition
of which depends on the stimuli received  by the DC through the pattern recognition receptors
(i.e. TLRs) (Janeway & Medzhitov, 2002). Primed by the DCs, the naive T cells differentiate
into effector T cells.
Different subsets of effector T cells with different functions exist: type helper (TH)1, TH2,
TH17 and regulatory T cells (Treg) (Murphy et al., 2008, pp. 343-56). Bias towards the TH2
response or dysfunction of Treg cells affiliate with atopic reactions to food and environmental
allergens (Eisenbarth et al., 2003; Hubert et al., 2007).  The Notch pathway has been
suggested to control TH1/ TH2 polarization through the Delta-4 and Jagged-1 ligands
expressed on DCs (Amsen et al., 2004). Cytokines interleukin (IL)-12 and tumor necrosis
factor (TNF)-? and the ligand Delta-4 expressed by DCs induce the development of TH1-type
effector T cells, conferring cell-mediated immunity (Amsen et al., 2004; Murphy et al., 2008,
pp. 343-56). Interleukin-4, costimulatory molecules OX40 and Jagged-1 expressed by DCs
induces the development of TH2 -type T cells (Amsen et al., 2004; Ito et al., 2005), which
promote B cells to produce IgE antibodies, targeted against parasites but also mediating
allergic reactions. Treg cells limit the immune response and prevent autoimmunity and allergic
reactions by the modulating the activity of other effector T cells (Hubert et al., 2007). Table 3
lists immunoreactive bacterial cell components and their activities as reported in the literature.
20
Table 3. Immunoreactive components of the bacterial cell. Abbreviations: DC, dendritic cell; ManLAM, mannose-capped lipoarabinomannan;
PILAM, phospho-myo-inositol-capped lipoarabinomannan; APC, antigen presenting cell; TLR, Toll-like receptor.
Compound  [organism] Activity Reference
CpG-DNA [Bacteria] Stimulation of macrophages, DCs and B lymphocytes. Häcker et al., 2002
Peptidoglycan [Bacteria] Activation of macrophages, induction of antimicrobial peptides and
enzymes.
Dziarski, 2003
Endotoxin [Gram-negative bacteria] Pro-inflammatory, pyrogenic, acute airflow obstruction, loss of lung
function (on chronic exposure).
Macher, 1999
(chapter  23.2)
Sphingolipids [Gram-negative bacteria] Activation of natural killer T cells. Induction of cytokine production in
human mononuclear cells.
Brutkiewicz et al.,
2006; Minamino et
al., 2003
Lipoteichoic acid [Gram-positive bacteria] Stimulation of macrophages, stimulation of DCs (when peptidoglycan
present).
Kim et al., 2008; Seo
et al., 2008
Lipoarabinomannans [Corynebacteriaceae]
  ManLAM
  PILAM
Anti-inflammatory to macrophages and DCs
Pro-inflammatory to macrophages and DCs
Briken et al. 2004,
Nigou et al., 2003;
Mycolic acid [Corynebacteriaceae] Conversion of macrophages to IFN-? dependent tolerogenic APCs. Korf et al., 2006
Capsular arabinomannans [Mycobacteria]
  acylated
  nonacylated
Stimulation of human DCs and murine macrophages, anti tumor
cytotoxicity.
Anti tumor cytotoxicity
Wittkowski et al.,
2007
Beta-glucan [Bacteria and Fungi] Stimulation of macrophages and DCs. Synergistic to TLR2 and TLR 4
stimuli.
Ferwerda et al., 2008
Hyaluronic acid [Streptococci] Development of pathogenic T cells in chronic inflammation. Tzianabos, 2000
Zwitterionic Polysaccharides [Bacteroides]
Streptococcus, Staphylococcus]
APC mediated T cell activation Kalka-Moll et al.,
2002
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1.4.1 Gram negative endotoxin
Gram-negative endotoxin,  the biologically active lipopolysaccharide (LPS) of the Gram-
negative outer cell membrane, is the most studied immunoreactive bacterial component in
dust. Endotoxin consists of a polysaccharide chain (O-antigen) connected by a core
oligosaccharide to a lipid part (Fig 2). The lipid part (lipid A), responsible for the toxic effects
of endotoxin, consists of long chain fatty acids connected by amide and ester linkages to the
unit consisting of two phosphorylated glucose amines.  Lipid A contains 3-hydroxy fatty acids,
the chemical indicators for endotoxin. It anchors the LPS into the bacterial cell wall.
Airway exposure to endotoxin activates macrophages in the lungs through the TLR4/CD14
receptor complex (Janeway & Medzhitov, 2002). The endotoxin-stimulated macrophages
secrete TNF-?, the mediator of the acute symptoms on endotoxin exposure: fever, malaise,
increased reactivity of the airways and airflow obstruction (Rylander, 1994 pp. 73-75; Macher,
1999, chapter 23.2). Endotoxins are not all equally reactive. Endotoxins vary both in the
potency (Dehus et al., 2006; Stewart et al., 2006) and the type of immune stimulation
(Pulendran et al., 2001; Jotwani et al., 2003) (Table 4).
Table 4. Immunological activities of bacterial lipopolysaccharides (LPS, endotoxin) as
reported in the literature.
Organism Activity Reference
Escherichia coli Induction of TH-1 cytokines and costimulatory
molecules in DSc and macrophages.
Jotwani et
al., 2003
Vibrio cholerae < 1 % of the cytokine induction potency* of E.
coli LPS.
Dehus et
al., 2006
Rhizobium SIN-1 < 1 % of the cytokine induction potency* of E
coli LPS. Antagonist to E. coli LPS.
Vandenplas
et al., 2002
Rhodobacter spheroides Non-toxic. Antagonist to E. coli LPS. Qureshi et
al., 1991;
Stewart et
al. 2006
Bacteroides fragilis 0.1 to 1 % of the cytokine induction potency*
of E coli LPS.
Stewart et
al. 2006
Porphyromonas givingalis < 1 % of the cytokine induction potency* of E.
coli LPS. Induces TH-2 polarization in dendritic
cells.
Jotwani et
al., 2003
*Based on the concentration of LPS required to induce cytokine production.
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Fig 2. The structure of E. coli O111:B4 lipopolysaccharide adopted from Magalhães et al.
(2007). Abbreviations: Hep, L-glycerol-D-manno-heptose; Gal, galactose; Glc, glucose;
(KDO, 2-keto-3-deoxyoctonic acid; NGa, N-acetyl-galactosamine; NGc, N-acetyl-
glucosamine.
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1.4.2 Bacterial sphingolipids
Sphingolipids, the membranes lipids and signalling molecules of eukaryotic cells, are also
found in bacteria (Heung et al., 2006) (Fig 3). Mammalian sphingolipids contribute to the
regulation of pathological cell processes such as cancer, cardiovascular and neurodegenerative
disorders, inflammation and infection. Also bacterial sphingolipids have been reported to
have diverse biological activities (Heung et al., 2006).
The glycosphingolipid??-glucuronosylceramides of Sphingomonas capsulata, S. paucimobilis,
S. wittichii and Ehrlichia muris has been shown to activate human and/or murine natural killer
T cells (Brutkiewicz et al., 2006). Sphingomonas paucimobilis tetraglycosylated
glycosphingolipid has been shown to induce cytokine production in human mononuclear cells
(Krziwon et al., 1995). The concentration of sphingolipid necessary for cytokine induction
was 10,000-fold higher than that of E. coli LPS. Sphingobacterium spiritivorum sphingolipids,
especially those containing 2-hydoxy fatty acids, have been shown to induce apoptosis of
human leukemia cells (Minamino et al., 2003).  Minamino et al. suggested that bacterial
sphingolipids, containing branched fatty acids, are permeable to mammalian cells and
therefore potent inducers of apoptosis as intracellular second messengers.
Fig 3. The general structure of sphingolipids.
1.4.3 Beta glucan
Beta glucan, the major polysaccharide in fungal cell walls, is also produced by bacteria.
Bacteria known to produce beta-glucan include Alcaligenes (Saitô et al., 1977), Rhizobium,
Agrobacterium (Stasinopoulos et al., 1999), Pseudomonas and Streptococcus (Mennink-
Kersten et al., 2008) species. Beta glucans, recognized by the cells of the innate immunity
through the receptor Dectin-1 (Ferwerda et al., 2008), have a diversity of bioactivities e.g.
inflammatory, adjuvant and antitumour activities (reviewed by Lull et al., 2005). Beta glucan
induces TNF-? production in human monocytes and macrophages synergistically with TLR2
and TLR4 agonists the (Ferwerda et al., 2008). Like endotoxin, beta glucan has been affiliated
with both TH1 and TH2 immune responses (Finkelman et al., 2006).
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1.4.4 Peptidoglycan
Peptidoglycan, the rigid cell wall polymer of bacteria, is a weak stimulator of the immune
system and an adjuvant of other immune stimuli. Peptidoglycan is recognized in innate
immunity by the intracellular Nod 1 and Nod 2 proteins (Girardin & Philpott, 2004). Research
on the immune effects of peptidoglycan has been complicated by immunoreactive
contaminants such as lipoteichoic acid and lipoproteins in the commercially available
preparations of peptidoglycan. Therefore chemically synthesized peptidoglycan subunits, such
as muramyl dipeptide, have been used as surrogates (Traub et al., 2006; Kim et al. 2008).
Study of peptidoglycan surrogates has revealed synergistic effects with other immune stimuli
such as LPS (up to 400-fold of TNF in human whole blood), lipoteichoic acid (5-fold of TNF
in mononuclear cells) and bacterial DNA (2,000-fold TNF in mononuclear cells) (Traub et al.,
2006; Kim et al. 2008). Airway exposure to peptidoglycan has been shown to induce an
asthmatic type T helper 2 (TH-2) -biased immune response in ovalbumin immunized mice
(Chisholm et al., 2004).
1.4.5 The cell wall of mycobacteria and related genera
The hydrophobic cell wall of mycobacteria and related genera (Corynebacteriaceae) contains
unique immunoreactive components, such as lipoarabinomannan (LAM), lipomannan,
mycolic acid and capsular arabinomannan (Nigou et al., 2001; Korf et al., 2006; Wittkowski
et al., 2007).
Lipoarabinomannans are tripartite lipoglycans consisting of (i) a mannosyl-phosphatidysl-
myo-inositol anchor (PIM), (ii) a polysaccharide backbone of D-mannan and D-arabinan, and
(iii) caps consisting of one to three mannosyl units (ManLAM) or  phospho-myo-inositol
(PILAM) (Nigou et al., 2001). LAM and the PIM subunit are recognized by the cells of the
innate immunity through the Toll like receptor 2 (Rook et al., 2004). The ManLAM of slow-
growing mycobacteria is an anti-inflammatory compound, which inhibits the phagosome
maturation, apoptosis and interferon-? signaling in macrophages and interleukin-12 cytokine
secretion in dendritic cells (Nigou et al., 2001, 2003; Chieppa, 2003; Briken et al. 2004). In
contrast, the PILAM of fast-growing mycobacteria induces the secretion of proinflammatory
cytokines and apoptosis in macrophages (Nigou et al., 2001; Briken et al. 2004).
1.4.6 DNA
The immunoreactive effect of bacterial DNA is triggered by the recognition of nonmethylated
cytosine guanine dinucleotides (CpG-DNA), unique to bacteria, through TLR9 by dendritic
cells, macrophages, B and T lymphocytes (Janeway & Medzhitov, 2002; Häcker et al., 2002).
The effect of CpG-DNA on the immune cells is similar to that of Gram-negative endotoxin:
induction of the secretion of pro-inflammatory cytokines and of cell surface maturation
markers. Bacterial CpG-DNA also confers adjuvant activity by promoting the generation of
TH1 immunity to coadministered antigens (Häcker et al., 2002).
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1.5 Analysis of bacterial diversity
The disparity between direct microscopic counting and culturing of bacteria from soil and sea
water (Jannasch & Jones, 1959; Fægri et al., 1977; Olsen & Bakken, 1987) and the high
diversity of bacterial DNA in soil (Torsvik et al., 1990) evidence that only a minority cells of
environmental DNA represent cells that can propagate on laboratory media. This phenomenon
is termed culture bias. The detection of bacterial DNA does not indicate the presence of live
or intact bacteria due to the persistence of DNA within or released from bacteria that once
lived in the investigated site (Masters et al., 1994; Keer & Birch, 2003). When DNA of an
organism is found it is possible but unknown that also other cellular components of the
organism may be found at the same site. This must be kept in mind when culture-independent
techniques are used for the analysing the history and present status of bacterial diversity, i.e.
the richness and distribution of species. Species diversity may be estimated by diversity
indices, such as the Shannon-Wiener and Simpson's indices, both of which consider both the
distribution and the richness of species (Lozupone & Knight, 2008).
1.5.1 Molecular bacterial diversity
A bacterial species is considered to include strains sharing 70 % or greater DNA-DNA-
relatedness (Wayne et al., 1987). The 16S rRNA gene is the established phylogenetic
reference molecule of bacteria (Head et al., 1998). Nucleotide identity >97 % of 16S rRNA
has conventionally been used as the species cut-off value. It was estimated by Stackebrandt &
Ebers, (2006) that only strains with whole 16S rRNA gene (~1500 nt) sequence >99 % similar
may share 70 % or greater DNA-DNA-relatedness and thereby represent the same bacterial
species.
The 16S rRNA gene has been on of the principal the tools in molecular bacterial ecology for
the past 20 years (Giovannoni et al, 1988, 1990; Ward et al.1990; Head et al., 1998, Neufeld
& Mohn, 2005). The 16S rRNA gene based methods involve the extraction and clean-up of
DNA from natural samples, PCR amplification and subsequent analysis of the obtained
sequences. Alternatively, the 16S rRNA of intact bacterial cells can be detected by direct
probe hybridization (Giovannoni et al, 1988; Keer & Birch, 2003) or as cDNA (Weller &
Ward, 1989). Due to the difficulty of delineating bacterial species based on 16S rRNA gene
sequences, the terms "phylotype" and "operational taxonomic unit" have been used instead of
species in studies on the molecular diversity of bacteria (Lozupone & Knight, 2008).
In this study, DNA sequencing was targeted at the variable regions V1 (E. coli positions 69–
99) and V2 (E. coli positions 137–242) of the 16S rRNA gene (Neefs et al., 1993,
Chakravorty et al., 2007). The 16S rRNA genes of closely related bacteria (99 % identical)
may be less than 95 % identical on the variable regions between the nucleotide positions 1 to
500 (Table 5). This was my rationale behind using nucleotide identity of >97 % for the
species assignment of partial 16S rRNA gene sequences. Between Acinetobacter lwoffii and
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Acinetobacter baumannii however, less sequence divergence exits between the nucleotide
positions 1 to 500 than in the full gene sequences (Table 5).
Table 5. Nucleotide identity between closely related bacteria at different lengths of the 16S
rRNA gene. The 16S rRNA sequences of six type strains representing species of Bacillus
(phylum Firmicutes), Mycobacterium (phylum Actinobacteria) and Acinetobacter (phylum
Proteobacteria) were obtained from the RDPII database and compared pair-wise at different
lengths by ClustalW alignment (Thompson et al., 2002).
16S rRNA gene sequence of Identity at nucleotide positions
1 to >1400 1 to 480 1 to 320
Bacilllus thuringiensis ATCC10792 vs.
Bacillus mycoides 6462
99 97 95
Mycobacterium chelonae ATCC 19237 vs.
Mycobacterium abscessus DSM 44196
99 95 93
Acinetobacter lwoffii DSM 2403 vs.
Acinetobacter baumannii DSM 30007
96 96 98
Due to the genomic diversity within the species of bacteria, the analysis of species diversity
only yields information of functions coded by the core genome i.e. the genes shared among
strains of a species (Medini et al., 2005). The core genome codes components such as the cell
envelope, binding proteins, housekeeping, transport, and regulatory functions (Tettelin et al.,
2005; Medini et al., 2005). Functional genetic diversity can be studied by sequencing of the
complete genetic information of microbial communities i.e. the metagenome (Dinsdale et al.,
2008). However, the products of the genes found may be inactive or not expressed at the
target site.
1.5.2 PCR-based methods
In polymerase chain reaction (PCR), a selected region of DNA is amplified by a DNA
polymerase enzyme. The amplification product is defined by the sequence of PCR primers, i.e.
single stranded oligonucleotides hybridizing to the flanks of the target DNA on opposite
strands. Using PCR, target genes such as the bacterial 16S rRNA gene, may be amplified
from DNA isolated from the target site or a bacterial community with no need for culturing
the target organism. PCR products representing different organisms may be separated by
DGGE (Fischer & Lerman, 1979) or cloning (Givannonni et al. 1990; Ward et al.1990) and
analyzed by DNA sequencing or probe hybridization. Although free from the effect of culture
bias, PCR based methods involve sources of error related to non-randomness of the extraction,
PCR amplification or cloning of the DNA. In addition, the variation in the number of RNA
operons (1 to 14 per genome) precludes the use of 16S rRNA gene cloning for quantification
of organisms (Head et al., 1998).
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DNA isolation (by chemical and/or mechanical lysis) sufficiently rigorous to lyse Gram-
positive bacteria and spores may cause fragmentation of DNA of Gram-negative bacteria
(Head et al., 1998, Spiegelman et al., 2004). Hybrids of partially identical DNA fragments
yield chimeric PCR products, which may be falsely interpreted as novel taxa (Spiegelman et
al., 2004).
Universal primers targeted at conserved regions of the bacterial 16S rRNA gene are
frequently used in PCR of community DNA. Nucleotide variation exists also in the conserved
regions of the 16S rRNA and therefore perfectly matching universal primers do not exist
(Baker et al., 2003). Therefore terms "broad-range" or "domain-specific" should be used in
stead of "universal". Due to the preferential PCR amplification of templates perfectly
matching the primers, the proportions of different amplification products may be biased
(Sipos et al., 2007). High G+C DNA may be sub-optimally amplified in PCR and therefore
underrepresented among the amplification products (Reysenbach et al. 1992; Dutton et al.
1993). Other factors inhibiting PCR include DNA secondary structures in the primer binding
sites or in the amplified region (Dutton et al. 1993; Edwards et al., 2004).
28
2 Aims of this study
The aim of this study was to detect and quantify sources of exposure to environmental
mycobacteria and to describe the composition of bacterial communities in indoor dusts,
known to contain immunomodulatory bacterial components. To achieve this, culture-
independent, DNA-based methods were developed and applied for the detection of
environmental bacteria.
The specific goals in this thesis were to:
1. Develop methods for the culture-independent quantification of mycobacteria in the
environment.
2. Quantify mycobacterial DNA in soil and in piggery bedding materials to uncover sources
of human or farm animal exposure to environmental mycobacteria.
3. Reveal the bacterial communities in differently immunoreactive indoor dusts: TH2 active
urban house dust and TH1 active farm barn dust.
4. Describe the bacterial communities in house dusts collected from Russian and Finnish
Karelia, areas connected to low and high prevalence of allergic diseases respectively.
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3 Materials and methods
3.1 Methods used in this thesis
The methods used this thesis and described in Papers I-IV are shown in Table 6.
Table 6. Methods used in this study.
Described
in Paper
Reference
Primer & probe design
  Design of Mycobacterium-targeted PCR primers I
  Design of Mycobacterium-specific hybridization probes II
DNA isolation
  Pure cultures II
  Soil I
  Piggery bedding and dust II, III, IV
Quantitative PCR
  Mycobacterium-targeted SYBR green qPCR I, II
  Mycobacterium-specific probe qPCR II
  Quantitative PCR using universal primers for bacteria III, IV Ekman et al.,
2007
DNA clone library analysis
  DNA cloning and sequencing III, IV
  DNA sequence analysis III, IV
Biodiversity analysis III Krebs, 1989
Analysis of bacterial content in dust
  Cultivation and isolation of bacteria III Eaton et al.,
2005
  Fluorescence microscopy III
3.2 Methods other than those described in papers I-IV
3.2.1 Cloning and sequencing of PCR products amplified by the Mycobacterium-
targeted primers
DNA isolated for straw used at piggery #3 as bedding (Paper II) was amplified by PCR using
the primers MycoARB210 and MycoARB585 modified by the addition of single adenine
nucleotides into the 5' end of each primer. PCR was carried out using Dynazyme II Taq DNA
polymerase (Finnzymes OY, Espoo, Finland) and Dynazyme II PCR buffer (Finnzymes). The
PCR, carried out in an  Eppendorf Mastercycler Gradient-instrument (Eppendorf AG,
Hamburg, Germany), consisted of a 2.5 min preincubation step at 94°C followed by 35
amplification cycles consisting of:  1 min denaturing at 94°C, 1 min annealing at 64 °C and 1
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min extension at 72 °C . The size of the obtained PCR product was determined by comparison
to the Mass RulerTM DNA size marker (Fermentas, Hanover, MD, USA) after electrophoresis
in 1.2 % agarose stained with 0.5 mg ethidium bromide ml-1.
The PCR product was purified using the Qiaquick PCR purification kit (Qiagen, Valencia,
CA, USA) and cloned in to E. coli using the Qiagen PCR cloning kit (Qiagen). The E. coli
clones were inoculated onto E. coli FastMedia (Fermentas) plates (100 ?g ml-1  IPTG, 100 ?g
ml-1 X-Gal, 50 ?g ml-1 ampicillin), incubated for 24 h at 37°C, transferred  to 4°C and
incubated for 4 h after which the E. coli colonies (n=100) were isolated into LB broth (10 g l-1
tryptone, 5 g l-1 yeast extract, 10 g l-1 NaCl) containing  50 ?g ml-1 ampicillin and incubated at
37 °C for 24 h. Plasmid DNA was isolated from the E. coli liquid cultures using the Wizard
Plus SV Miniprep kit (Promega Madison, WI, USA).
Sequencing of the inserts was carried out at the University of Helsinki Institute of
Biotechnology DNA Laboratory. Sequencing was done using a vector primer, BigDye®
Terminator v3.1 Cycle Sequencing Kit and Applied Biosystems ABI3700 DNA Sequencer
(Applied Biosystems, Foster City, CA, USA).
3.2.2 Sequence analysis of the cloned PCR products amplified by the
Mycobacterium-targeted primers
The sequences were compared aginst by the RDP II database using the Seqmatch software. A
neighbour-joining phylogenetic tree was created using the RDPII Tree Builder tool (Cole et
al., 2007).
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4 Results and discussion
4.1 Mycobacterium-specific real-time qPCR
A real-time qPCR method was developed for quantification of mycobacterial DNA in the
environment (I, II). The method employed the Mycobacterium-targeted primers
MycoARB210 and MycoARB585, designed using the ARB software (Ludwig et al., 2004),
and SYBR green I dye for detection of amplification products.
Real-time PCR using the primers MycoARB210 and MycoARB585 yielded specific products
(melting T 92 °C) with ?80 fg of M. fortuitum DSM 46621T genomic DNA (15 genomes) or
?9 copies of a PCR synthesized 1014 bp of M. fortuitum DSM 46621T 16S rRNA gene
fragment per PCR reaction. Genomic DNA of M. lentiflavum DSM 44418T, M. botniense
DSM 44536T, M. gordonae DSM 44160T and M. chlorophenolicum PCP-1T was amplified
similarly as thet of M. fortuitumT. This shows that the Mycobacterium-targeted real-time PCR
with the primers MycoARB210 and MycoARB585 enabled sensitive detection (threshold 15
genomes per reaction) of mycobacterial DNA in the absence of non-target DNA.
The primer MycoARB210 had a complete match with the 16S rRNA genes of 70 and
MycoARB585 with 77 out of the 104 type strains of mycobacteria in the RDPII database in
September 2008 (Table 7) (Cole et al., 2007). Species with two mismatches to MycoARB210
included those of the M. tuberculosis complex (Fig 4). Among the species with one mismatch
to MycoARB210 was M. gordonae, whose genomic DNA was amplified with the primer set
MycoARB210/MycoARB585. M. xenopi, M. heckeshornense and M. botniense have
mismatches in the 3' end of the primer MycoARB585 and thus are likely not amplified by the
primer set MycoARB210/MycoARB585 (Fig 5).
 The Mycobacterium-targeted primers of Mendum et al. (2000) matched completely with 77
and 100 out of the 104 mycobacterial type strains in RDPII (Table 7). Thus the specificity
with the primer set MycoARB210/MycoARB585 was similar to that of Mendum et al. (2000).
The primers MycoARB210/MycoARB585 produce a shorter amplicon (E. coli positions 210
to 603) than those by Mendum et al. (2000) (E. coli positions 575 to 1046) and are therefore
more suitable for real-time qPCR (Table 7).
32
Table 7. The Sequences and specificities of the 16S rRNA gene primers
MycoARB210/MycoARB585 used in this study and of the primers by Mendum et al. (2000).
The table shows the nucleotide sequence and nucleotide locations (E. coli numbering) of the
primers and the numbers of matches to mycobacterial 16S rRNA gene sequences in the RDPII
database in August 2008.
Primer Sequence 5' to 3'
(E.coli  positions)
Used in Hits to mycobacterial
type strains in RDPII
(n=104)
Mismatches allowed
0 ?1 ?2
MycoARB210 TTTGCGGTGTGGGATGGGC
(210–228)
Papers I,
II, IV
70 89 98
MycoARB585 CGAACAACGCGACAAACCA
(603–585)
Papers I,
II, IV
77 88 100
Mendum et al.
forward
GGTGGTTTGTCGCGTTGTTC
(575-594)
Mendum
et al. 2000
77  88 100
Mendum et al.
reverse
ATGCACCACCTGCACACAGG
(1028-1046)
Mendum
et al. 2000
100  104 104
*No. of mycobacterial entries in the RDPII database with sequence data in the target region of
the primer.
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Fig 4. Alignment of mycobacterial 16S rRNA genes at the binding site of the primer
MycoARB210. The figure shows the ClustalW alignment of the 16S rRNA gene sequences of
M. fortuitum completely matching the primer MycoARB210 and of mycobacterial species in
the RDPII database with mismatches to the primer MycoARB210.
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Fig 5. Alignment of mycobacterial 16S rRNA genes at the binding site of the primer
MycoARB585. The figure shows the ClustalW alignment of the 16S rRNA gene sequences of
M. fortuitum completely matching the primer MycoARB585 and of mycobacterial species in
the RDPII database with mismatches to the primer MycoARB585.
DNA of Gordonia terrae DSM 43249T, and Rhodococcus opacus DSM 43205T, Bacillus
cereus ATCC 14579T and Pseudomonas putida DSM 291T were not amplified when less than
200 pg of genomic DNA was used per reaction. Genomic DNA of Corynebacterium
glutamicum DSM 20300T yielded products with melting points of  92 °C when 1 pg or more
of genomic DNA was used as the template. This indicated that despite the mismatches in
positions 2 and 17 of MycoARB210 and position 3 of MycoARB585 (5” to 3”), the presence
of corynebacteria could cause false positive results. Bru et al. (2008) showed that single
mismatches on the 3' half of a PCR primer impair amplification efficiency causing up to
1,000-fold underestimation of 16S rRNA gene copy number in qPCR. In my study, the high
G+C content of the 3' end of the primer MycoARB210 may have contributed to the
amplification of non-target corynebacterial templates (Table 7).
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4.2 Cloning and sequencing of PCR products
I cloned PCR products (n=84) amplified with the primers MycoARB210/MycoARB585 from
piggery bedding material (used straw from piggery # 4, paper II). The cloned PCR products
were sequenced to study the identity of the DNA amplified and the possible amplification of
non-target corynebacterial DNA.
Sequence analysis showed that the cloned PCR amplicons (n=86) were >98 % identical with
the 16S rRNA sequences of the Corynebacterium species C. amycolatum, C. casei, C.
glutamicum and C. xeroxis. C. sphenisci, C. afermentans and Brevibacterium stationis (Fig 6).
Based on the 16S rRNA gene sequence and cellular fatty acid composition it has been
suggested that B. stationis is not a Brevibacterium but likely a member of the genus
Corynebacterium (Heyrman et al., 2004). These results show that the primers MycoARB210
and MycoARB585 cross-reacted with the DNA of several corynebacterial species and thus
interfere with the quantification of mycobacterial DNA. Therefore oligonucleotide probes
needed to be designed for Mycobacterium-specific detection of amplification products by the
primers MycoARB210 and MycoARB585.
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Fig 6. Neighbour-joining phylogenetic tree of PCR product clones amplified from DNA
extract of piggery bedding by the primers MycoARB210/MycoARB585 and of reference
sequences from species of Corynebacterium and Mycobacterium. DNA sequences of the PCR
product clones (n=84, codes S231 13 to S231 93) clustered at >98 % identity with the 16S
rRNA gene sequences of Corynebacterium sp., indicating the amplification of corynebacterial
DNA by the primers MycoARB210/MycoARB585. The 16S rRNA gene sequence of
Microbacterium terrae was used as an outgroup.
0.01
S231 54
S231 48
S231 22
S231 81
S231 15-like, 44 clones
S231 13
S231 93
S231 44
S231 87
Corynebacterium xerosis ATCC 373T
S231 17-like, 4 clones
S231 35
Corynebacterium amycolatum CIP 103452T
S231 77
Corynebacterium glutamicum; ATCC13032
S231 53
S231 82
S231 84
S231 14 –like,12 clones
S231 57
Corynebacterium sphenisci CECT5990
S231 61
Corynebacterium afermentans CIP103499T
S231 43
S231 68
S231 91-like, 3 clones
S231 79
Brevibacterium stationis LMG 21670
S231 25
S231 90
S231 41-like, 2 clones
Mycobacterium lentiflavum; ATCC 51985
Mycobacterium fortuitum ATCC 6841
Mycobacterium avium subsp. avium DSM 44156
Microbacterium terrae DSM 8610
37
4.3 Design of Mycobacterium-specific hybridization probes for the real-
time detection of PCR products
Having seen the false-positive signal yielded by corynebacterial DNA in the PCR for the
MycoARB210/MycoARB585 primers, I designed Mycobacterium-specific detection probes,
targeted for the products amplified by these primers.
The sequences of the oligonucleotide probes MycoFlu/MycoRed (Table 8) were selected from
an alignment of the 16S rRNA gene sequences 172 mycobacterial and corynebacterial species
obtained from the RDPII database. The hybridization kinetics of the probes
MycoFlu/MycoRed with PCR products amplified by the primers
MycoARB210/MycoARB585 was studied by melting analysis. The melting temperature of
the probes MycoFlu/MycoRed hybridized to PCR products of M. fortuitum DSM 46621T
DNA was 71°C. When hybridized to PCR products of Corynebacterium glutamicum DSM
20300 T DNA, the melting temperature was 64 °C. This showed that Mycobacterium-specific
PCR products could be detected with the probes MycoFlu/MycoRed by fluorescence
aquisition at 69 °C.
Crossing point values <35 cycles were obtained with the probes MycoFlu/MycoRed when
?100 fg of M. fortuitum DSM 46621T genomic DNA (19 genomes) was used as template.
This indicated sensitivity similar with that of the PCR assay, where dsDNA products were
detected by the SYBR green I dye. No specific product was obtained in real-time qPCR using
the probes MycoFlu/MycoRed and Corynebacterium glutamicum DSM 20300 T DNA (10 pg
to 1 ng) as the template. The probes MycoFlu/MycoRed thus enabled specific qPCR of
mycobacterial 16S rRNA genes. A negative result in the probe assay was obtained also with
the DNA from the used straw bedding from piggery # 4 (Table 10 and Paper II), which was
by DNA cloning shown to contain corynebacterial 16S rRNA genes (109 copies g -1).
To study the sensitivity of the Mycobacterium-specific probe PCR assay in the presence of
corynebacterial DNA, I spiked the DNA isolated from the straw (used in piggery # 4 as
bedding, Paper II) with M. fortuitum DNA. As a result, I found that the detection of the
mycobacterial 16S rRNA gene was inhibited by an excess of corynebacterial 16S rRNA gene
copies ?15-fold relative to the mycobacterial 16S rRNA genes. This may be explained by
competition for primer binding between the corynebacterial and mycobacterial DNA.
Competing corynebacterial templates may thus impair the sensitivity of the probe qPCR assay.
A negative outcome in the probe PCR assay may therefore indicate either that <19
mycobacterial genomes (=detection threshold) were present or that corynebacterial DNA was
present in a ?15-fold excess relative to mycobacterial 16S rRNA genes. Therefore the copy
number of all templates amplified by the primers MycoARB210 and MycoARB585
(=outcome of the SYBR green assay) is required for the estimation of the detection threshold
of the probe PCR assay. The spiking of the straw DNA extract showed that only
mycobacterial 16S rRNA copy numbers exceeding 1/15 of the corynebacterial 16S rRNA
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gene copy number could be detected. Thus, the DNA extract-specific detection threshold for
the probe PCR assay could be calculated by dividing the outcome of the SYBR green assay
by 15:
Detection threshold of the probe assay =
15
assaygreenSYBRbynumberCopy
Competition for primer binding between templates and internal control DNA been suggested
to reduce the sensitivity of diagnostic PCR assays (Hoorfar et al., 2004). However, the
possibility of false-negative probe PCR results caused by competing non-target DNA is not
acknowledged in the literature on PCR detection in general (Edwards et al., 2004; Maurer,
2006; Reischl et al., 2002) or in complex matrices such as dusts (Rintala & Nevalainen, 2006),
building materials (Pietarinen et al., 2008), faeces (Sharma, 2002) and farm environment
(Ridley et al., 2008).
Table 8. Mycobacterium-specific hybridization probes designed in this study. The probes
MycoFlu (3? fluorescein-labelled) and MycoRed (5? Red705-labelled, 3? phosphorylated) were
designed to target the PCR products amplified using the primers
MycoARB210/MycoARB585.
Probe Sequence 5' to 3'
(E.coli  positions)
Reference
MycoFlu CTC AGT CCC AGT GTG GCC GG-[Fluo]
(301–320)
Paper II
MycoRed [Red705]-CAC CCT CTC AGG CCG GCT AC -[P]
(280–299)
Paper II
4.4 Mycobacterial DNA in soil
To assess the density of mycobacteria in boreal soils by Mycobacterium-targeted qPCR
(Paper I), I analyzed DNA extracted from soil by Timo Nieminen (University of Oulu). TN
analyzed mycobacterial 16S rRNA in the same soils by a Mycobacterium-targeted sandwich
hybridization method.
I found 106 to 107 genome equivalents of the 16S rRNA gene g-1 of soil dw as measured by
Mycobacterium-targeted qPCR (Table 9). The mycobacterial genome equivalent calculated
assuming that one or two copies of the 16S rRNA gene per genome are present (Klappenbach
et al., 2001).These numbers are 10 to 100-fold higher, compared to those found from other
boreal soils by cultivation (Iivanainen et al., 1997). The 16S rRNA gene copy number as
measured by qPCR may include 16S rRNA gene copies of Corynebacterium sp., also
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amplified by the primers MycoARB210/MycoARB585. Mycobacteria, however, have been
suggested as the dominant Actinobacteria in boreal soils (Niva et al., 2006).
Mendum et al. (2000) amplified DNA isolated form soils by Mycobacterium-specific 16S
rRNA gene primers, cloned the PCR products and reported that all of the clones sequenced
(n=10) were homologous to mycobacterial 16S rRNA genes. Cayer et al. (2006) reported
PCR amplification of non-target actinobacterial DNA from peat dust by the Mycobacterium-
specific 16S rRNA gene primers published by Kox et al. (1995). Primers are designed using
the sequence data available at the time of design and tested using a limited number of target
and non-target DNA as templates. Non-specific amplification has been reported also for
primers specific to genera other than mycobacteria (Raut et al., 2007). The accumulation of
new DNA sequence data may prove previously published primers as non-specific (Table 10).
The qPCR results matched with those measured by the16S rRNA sandwich hybridization
method. For each copy of the 16S rRNA gene, as measured by Mycobacterium-targeted qPCR,
104 copies of mycobacterial 16S rRNA was found. This ratio was similar to that measured in
M. chlorophenolicum DSM 43826 pure culture (Paper I). RNA is an indicator of viable
bacteria (Keer & Birch, 2003). The agreement between the result of the qPCR and of the 16S
rRNA sandwich hybridization therefore indicated that the mycobacterial DNA in the soils
mainly represented viable cells.
40
Table 9. Reservoirs of mycobacteria measured by qPCR in this thesis. Mycobacterial 16S
rRNA gene copies were quantified by real-time PCR with the Mycobacterium-targeted the
primers MycoARB210/MycoARB585 and SYBR green I dye or the Mycobacterium-specific
hybridization probes for detection.
Material Mycobacterial 16S rRNA gene copies
× 106 g ?1
Reference
SYBR green assay Probe assay
Soils
  Mud (n=1) 50 – 100a Paper I
  Sandy till 1 (n=1) 200 ± 90 b Paper I
  Sandy till 2 (n=1) 20 – 60 a Paper I
  Sphagnum peat (n=1) 30 Paper I
Piggery bedding, unused
  Peat (n=2) 0.56 – 82 a 0.5 – 50 c Paper II
  Straw (n=3) 6.4 – 73 a 1.2 – 3.1 c Paper II
  Wood shavings (n=2) <0.02 – 0.3 a 0.12 – 0.24 c Paper II
Piggery bedding, used
  Peat (n=1) 22 000 <1500* Paper II
  Straw (n=4) 39 – 1 700 <100* Paper II
  Wood shavings (n=1) 2 500 – 2 700 a 420 –760 c Paper II
  Straw & wood shavings mixed 2 300 – 2 700 a <180* c
House dust
  Finnish Karelian dusts (n=10) 36-73 d Paper IV
  Russian Karelian dusts (n=10) 36-57 d Paper IV
* Below the detection limit, detection limit = result of the SYBR green assay / 15.
a Range of minimum – maximum. Two independent samplings of each material.
b Mean ± SD for five independent samplings.
c Range of minimum – maximum.
d Range for two composite samples of five dusts each.
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Table 10. Sequence and specificity of the Mycobacterium-targeted 16S rRNA gene by Kox et
al. (1995) and Talaat et al. 1997. The specificity of the primers was evaluated by comparison
to the RDPII database in August 2008.
Forward primer
sequence 5'-3'
Reverse primer
sequence 5'-3'
Used
in
Hits in RDPII
(August 2008)
pMyc14bio
GRGRTACTCGAGTGGCGAAC
pMyc7
GGCCGGCTACCCGTCGTC
Kox et
al.
1995
Mycobacterium,
Coryneb.,
Williamsia,
Gordonia
T39
GCGAACGGGTGAGTAACACG
T13
TGCACACAGGCCACAAGGGA
Talaat
et al.
1997
Mycobacterium,
Pseudonocardia
4.5 Mycobacteria proliferate in piggery bedding materials
I measured the numbers of mycobacterial 16S rRNA gene copies in animal bedding materials
to detect environmental sources of mycobacteria causing porcine infections on pig farms (n=5)
with high prevalence (>4 %) of pig mycobacteriosis.
Using the Mycobacterium-targeted primers for PCR and assay with SYBR green as indicator,
we found 105 to 107 cell equivalents of mycobacterial DNA in unused bedding materials and
up to 1010 g?1 dry weight in used bedding materials. When the Mycobacterium-specific probes
were used for detection of PCR products, we found 105 to 107 cell equivalents of
mycobacterial DNA in the unused and up to 108 g?1 dry weight in the used bedding materials
(Table 9). The cell equivalent numbers are based on the ratio of 1 or 2 16S rRNA gene copies
per mycobacterial genome (Klappenbach et al., 2001). The presence of viable mycobacteria in
the bedding materials was also shown by the 16S rRNA sandwich hybridization assay. These
results show that mycobacteria, contained in the unused bedding materials, may proliferate
during use in the piggery environment.
Several studies have reported mycobacteria in piggery bedding materials (Windsor et al.,
1984; Gardner & Hird, 1989; von Dürrling et al., 1998; Matlova et al., 2003; Matlova et al.,
2004; Matlova et al., 2005) but this study is the first one to present quantitative data. The
isolation of M. avium with identical IS1245 restriction fragment length polymorphism
fingerprints from infected pigs and from peat bedding by Matlova et al. (2005) indicated peat
as a source of porcine mycobacterial infection. Our findings (Paper II) agree with the earlier
reports on peat as a source of porcine mycobacteriosis. Mycobacterial RNA (4 × 1011 g ?1) but
not DNA was found from the used peat collected from piggery #3. The detection threshold of
the probe PCR assay in this peat bedding DNA extract was 109 mycobacterial 16S rRNA gene
copies g ?1. The detection threshold was calculated as described in chapter 4.3 of this thesis,
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assuming that the outcome of the  SYBR green PCR assay (2 × 1010 copies g ?1) for this peat
DNA extract mainly represented corynebacterial DNA. In the presence of 2 × 1010 copies of
the corynebacterial 16 S rRNA gene no less than 109 mycobacterial 16S rRNA gene copies
could be detected by the probe assay. The 1011 mycobacterial rRNAs g?1 found from the peat
used in piggery #3 correspond to 107 mycobacterial cells g?1, based on the rRNA content of
104 rRNAs cell ?1 reported for M. chlorophenolicum pure culture in Paper I. Thus, the
negative qPCR result is not in conflict with the presence of 1011 mycobacterial rRNAs g?1 in
the used peat from piggery 3#.
Human exposure to Mycobacterium-rich environments such as peat, soil (Kirschner et al.,
1992 Iivanainen et al., 1997; Kazda J., 2000) and animal faeces is considered as a risk factor
for NTM infection (Nichols et al., 2004; Reed et al., 2006). Mycobacteria are potentially
infectious and also immunoreactive. Human exposure to the immunoreactive components,
such as lipoarabinomannan, in the mycobacterial cell envelope has been connected to adverse
health effects (Primm et al., 2004; Huttunen et al., 2000 - 2001). Secondly, the exposure to
environmental mycobacteria has been suggested to confer allergy-protective effects by the
modulation of human regulatory T cells (Rook et al., 2007). Few studies have utilized qPCR
for the assessment of human exposure to environmental bacteria. Cayer et al. (2007) reported
8 × 108 airborne mycobacteria m ?3 in a peat processing plant by Mycobacterium-targeted
qPCR and antibodies against mycobacteria in the workers. Khan & Yadav (2003) reported
real-time PCR based mycobacterial cell counts of up to 5.5×105 cells ml-1 in metal working
fluids. Human exposure to mycobacteria in metal working fluids (Kreiss & Cox-Ganser, 1997)
and in hot water aerosols (Marras et al., 2005, Sood et al., 2007) has been connected to
hypersensitivity pneumonitis.  Hypersensitivity pneumonitis (i.e. farmer's lung) among farm
workers, respiring dusts emitted by sources such as bedding and grain, is considered to be
caused by mould exposure (Kirkhorn & Garry, 2000). My findings on the high contents (up to
108 cell equivalents g ?1) of mycobacterial DNA in piggery bedding materials imply a role for
mycobacteria also in agricultural dust related hypersensitivity pneumonitis.
Among the bedding materials analyzed in this study, I found the highest contents of
mycobacterial DNA from used wood shavings (7.6 × 108 16S rRNA gene copies g ?1).
Several studies have pointed wood based bedding materials (wood shavings, sawdust, bark
chips) as potential sources of swine mycobacteriosis (Songer et al., 1980; Windsor et al., 1984;
Gardner & Hird, 1989; Matlova et a., 2004). Mycobacteria have in fact been found as
intracellular endophytes in the meristemic bud tissues of Scots pine (Laukkanen et al., 2000;
Pirttilä et al., 2005). This implies live vegetation as a reservoir of infectious mycobacteria.
The results of paper II, show that materials used as piggery bedding i.e. peat, straw and wood
shavings, contain mycobacteria which may proliferate during usage in the piggery.
Agricultural runoff has been suggested as a source of mycobacteria in surface waters (Bland
et al., 2005). When piggery slurry is used as a fertilizer, mycobacteria may spread from the
piggery to field cultivations and from there as runoff to surface waters and further to drinking
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water. Torvinen et al. (2004) reported the highest frequency and colony counts of
mycobacteria at those drinking water distribution systems in Finland, where surface waters
were used as raw water and disinfected by ozonisation.
4.6 Bacteria in two disparate settled dusts: urban house dust and farm
barn dust
4.6.1 Background
Several studies have reported on the increased risk of atopic diseases among children raised in
urban environments compared to their counterparts raised in farm environments (Ernst &
Cormier, 2000; Riedler et al., 2001, Remes et al., 2003). Environmental exposure to
immunoreactive microbial components has been suggested as a factor conferring protection
from atopic illnesses in farm environments (von Mutius, 2007).  We had access to two
differently immunoreactive indoor dusts, TH2 active urban house dust and TH1 active farm
barn dust. Both were aged dusts (settled for >10 years), collected from the respiratory zones
(>1.5 m above floor level) of an urban dwelling and a farm barn. Immunological activities of
the dusts were studied in vitro in human dendritic cells and in vivo in mice in the laboratory of
prof Harri Alenius at the Institute of Occupational Health, Helsinki. I researched differences
in the compositions and the diversity of bacterial taxa in the two dusts using DNA techniques.
The aim was to explain the diverging immunoreactivities of these two dusts. The results are
reported in Paper III.
4.6.2 Dust bacterial content
We analyzed the bacterial composition of the dusts by several different methods: qPCR of the
16S rRNA gene, aerobic heterotrophic plate count, microscopic count and microbial
biomarkers (Limulus-active endotoxin, beta-glucan, bacterium-specific long-chain fatty acids).
The qPCR of the 16S rRNA gene showed similar copy numbers for the two dusts (0.5 - 1 ×
109 genecopies g-1), indicating similar contents of bacterial biomass. The number of aerobic
heterotrophic bacteria, counted from R2A plates grown at 16 °C to 22°C for 28 d, was 40-fold
higher in the farm barn dust than in the house dust (4 × 105 vs. 1 × 104 cfu g-1). The viability
of the bacterial community in the farm barn dust thus was higher compared to that in the
house dust. This was confirmed by the result of the microscopic count. Around half of the
total microscopic bacterial count in the farm barn dust (2 × 108 cells g-1) stained as live
whreas no live cells were detected (<106 g-1)  from the house dust (Fig 7). The disparity
between the microscopic live count (108 live bacteria g-1 ) and the plate count (4 × 105 cfu g-1)
indicates that live bacteria in the farm barn dust were mainly not cultivable by the method
used in this study ( R2A medium, aerobic atmosphere,  16 °C to 22°C for 28 d).
The 16S rRNA gene copy number of the urban house dust (5 × 108 copies g-1) exceeded the
total microscopic cell count of the same dust by a factor 100. This indicates that the bacterial
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biomass in the house dust mainly composed of fragmented cells (<1 ?m particles). In contrast,
the 16S rRNA gene copy number in the farm barn dust (109 copies g-1) matched with the
microscopic cell count. This shows that the bacteria in the farm barn dust mainly consisted of
intact live cells. These findings indicate that the bacterial biomass in the two dusts consisted
differently sized particles. Nanosized particles released to the indoor air from moulds have
been reported as more immunoreactive than mould spores larger (1 to 10 ?m) in size than the
fragments (Górny et al., 2002; Larsson, 2007). The different immunological activities of the
house dust and the farm barn dust could therefore be connected to different particle sizes of
the dust microbiota.
45
Fig 7. Fluorescence micrographs of dustborne microbes stained with the DNA stain
propidium iodide and Calcein–AM, which emits fluorescence when permeated through intact
cell membranes. The images revealed mainly intact but dead bacteria, stained by propidium
iodide in the urban house dust (A). Both live cells (stained green by Calcein AM) and dead
bacteria (red, by propidium iodide) were found in the farm barn dust (panel B). Images are
courtesy of Maria Andersson.
A
B
10?m
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4.6.3 House dust DNA clones mainly represented human commensal bacteria
The outcome of qPCR showed similar contents of bacterial 16S rRNA genes for the urban
house dust and for the farm barn dust. This means, that the diverging immunoreactivities of
the two dusts could not be explained by different concentrations of dustborne bacterial
biomass. To obtain a qualitative view of the species involved, 16S rRNA genes from the dust
contained DNA were PCR amplified, cloned and sequenced.
Taxonomic assignment of cloned or cultured isolates is necessary for the analysis of the
community composition and biodiversity (Watve & Gangal, 1996). The 16S rRNA gene
sequences obtained by cloning, 139 from the urban house dust and 152 from the farm barn
dust, were classified by the RDP classifier software (Wang et al., 2007), which enables
taxonomic assignment of 16S rRNA sequences at the genus level.
Fig 3 of article III shows the genus distribution of bacterial 16S rRNA gene clones isolated
from the two dusts, classified at the genus level. Corynebacterium (34 clones), Streptococcus
(33 clones), Staphylococcus (9 clones) and Finegoldia (9 clones) dominated in the urban
house dust, added up to 78 % of the clones. The species most frequent among these were
Corynebacterium tuberculostearicum (26 clones), Streptococcus gordonae (15 clones) and
Finegoldia magna (9 clones). These species have been described as human skin and oral
commensal bacteria (Aas et al., 2005; Gao et al., 2007; Murdoch, 1998) (Table 11). The
species Streptococcus mitis, found among the clones from urban house dust (Table 11), has
been reported to induce a TH2 polarized response, characteristic to allergic disease, in human
dendritic cells or mononuclear cells (Kopitar et al., 2006). Streptococcus spp. have also been
reported to produce immunoreactive beta-glucans (Mennink-Kersten et al., 2008), potential
stimulators of TH2 immunity (Finkelman et al., 2006). Members of the genus
Corynebacterium, predominant among the clones from the house dust, contain mannosylated
lipoarabinomannans (Sutcliffe, 1995), reported to inhibit the production of the interleukin-12
by dendritic cells (Nigou et al., 2001; Chieppa et al., 2003).The inhibition of IL-12, a factor
inducing TH1 immunity,  may further bias the immunity towards the TH 2 response.
The DNA clones from the farm barn dust lacked dominant species. Staphylococcus (13
clones), Planococcus (12 clones), Bacillus (11 clones), Jeotgalicoccus (9 clones) and
Corynebacterium (6 clones) were the most abundant genera in the farm barn dust. Out of
these, clones classified as Staphylococcus, Bacillus and Corynebacterium were also found in
the house dust but the compositiona in the two dusts did not overlap in the species level
(Table 11). Among the Firmicutal clones, the farm barn dust clone NP-02_E05 (accession no.
AM900149) represented Bacillus licheniformis and NP-02_D12 (accession no. AM900144)
represented Lactobacillus. Both taxons are reported to include strains with anti-allergic
activity (Pochard et al, 2002; Vogel et al., 2008).
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None of the Gram-positive genera represented by the clones were found in both dusts. I found
three Gram-negative taxons from the urban house dust (Neisseria, Paracoccus, Leptotrichia)
and 11 from the farm barn dust (Flavobacterium, Dyadobacter, Melittangium, Duganella,
Methylophilus, Acinetobacter, Bosea, Methylobacterium, Rhodobacter, Rhizobium,
Sphingomonas). Proteobacterial clones were five-fold more abundant in the farm barn
compared to the urban house dust (23 clones vs. 4 clones, p = 0.0004) and represented genera
different from those in the house dust. The farm barn dust clone NP-02_F10 (accession no.
AM900160) represented Acinetobacter lwoffii (99 % sequence identity), reported to elicit a
TH1-biased immune response in human DCs (Debarry et al., 2007).
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Table 11. Streptococcus, Staphylococcus, Finegoldia and Corynebacterium species
represented by the 16S rRNA gene clones retrieved from the two disparate dusts and the
habitats of the species as reported in the literature.
Species Urban
house
Farm
barn
Habitat as reported in the literature (Reference)
No. of clones
Streptococcus sp.
S. gordonii 15  human skin & oral (Aas et al., 2005; Gao et al., 2007)
S. cristatus 5  human skin (Gao et al., 2007)
S.  mitis 3  human skin & oral (Aas et al., 2005; Gao et al., 2007)
S.  oralis 3  human oral (Aas et al., 2005)
S.  sanguinus 3  human skin & oral (Aas et al., 2005; Gao et al., 2007)
S.  thermophilus 1  plants (Michaylova et al., 2007)
S.  downei 1  human & animal oral (Yoo et al., 2005)
S.  infantis 1  human skin & oral (Aas et al., 2005; Gao et al., 2007)
Staphylococcus sp.
S. caprae 3  human skin (Gao et al., 2007)
S. epidermidis 2  human skin (Gao et al., 2007; Nagase et al., 2002)
S. warneri 2  human skin (Gao et al., 2007; Nagase et al., 2002)
S. hominis 1  human skin (Nagase et al., 2002)
S. haemolyticus 1  human skin (Gao et al., 2007; Nagase et al., 2002)
S. equorum 10 animals (Meugnier et al., 1996)
S. vitulinus 3 animals (Bagcigil et al., 2006)
Finegoldia magna 9  human skin (Murdoch, 1998)
Corynebacterium sp.
C. tuberculostearicum 26  human skin (Gao et al., 2007)
C. singulare 4  human skin (Gao et al., 2007)
C. glucuronolyticum 2  human skin (Gao et al., 2007)
C. matruchotii 1  human skin (Gao et al., 2007)
C. sundsvallense 1  human skin (Gao et al., 2007)
C. tuscaniae 3 human clinical (Riegel et al. 2006)
C. afermentans 1 human skin (Gao et al., 2007)
C. callunae 1 Calluna plant (Collins et al., 1986)
B. stationis* 1 sea water (Jones et al., 1986)
* Member of the genus Corynebacterium (Heyrman et al., 2004).
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A number of universal bacterial 16S rRNA gene primers have been published (reviewed by
Baker et al., 2008). The primers pA and pH', used in this study, (Edwards et al., 1989) have
been used in PCR-based analysis of bacterial communities in indoor dusts (Rintala et al.,
2008), soil (Fall et al., 2007) and in human skin (Gao et al., 2007: Gao et al., 2008) and
human faeces (Dicksved et al., 2007).  Rintala et al. (2008) reported Corynebacterium,
Staphylococcus, Streptococcus, Propionibacterium, Lactococcus, Peptostreptococcus and
Lactobacillus as the genera most frequent among the 893 clones they isolated from indoor
dust. All of these, excluding Lactococcus and Peptostreptococcus were also found among the
clones isolated in this study. Furthermore, Corynebacterium, Staphylococcus, Streptococcus
were the predominant genera in house dust in this study as well as in that of Rintala et al.
(2008). Sphingomonadaceae, Xanthomonadaceae, Oxalobacteriacae and Rhizobiaceae were
reported as the dominant Gram-negative families in dust by Rintala et al. (2008). All of these
excepting Xanthomonadaceae were also found among the dust DNA clones in this study. The
similarity of the bacterial taxons found in dust by DNA cloning in our study and in that of
Rintala et al. (2008) indicates similar sources of dustborne bacteria in the target sites of the
two studies.
4.6.4 Cultured bacteria
We cultured aerobic bacteria from the house dust and from the farm barn dust on oligotrophic
medium (R2A) at 16-22°C and identified the isolates, 35 from the house dust and 49 from the
farm barn dust. The isolates were identified by sequencing of the 16S rRNA genes.
The results, described in paper III (Fig 4) show that the Gram-positive bacteria isolated from
the urban house dust consisted mainly of bacilli (Bacillus, Paenibacillus) whreas those
isolated from the farm barn dust were mainly Actinobacteria (7 genera). Among the house
dust isolates there were no more than two genera of Proteobacteria: Paracoccus and
Sphingmonas of the ?-group. Deinococcus was isolated from the urban house dust exclusively.
The farm barn dust, in contrast, yielded isolates of seven different Gram-negative genera:
Methylobacterium, Rhizobium and Sphingomonas of the ?-group, Psychrobacter and Massilia
of the ?-group and Erwinia of the ?-group of Proteobacteria. These genera are most likely the
source of the 2- and 3-hydroxy fatty acids found in the dust (Table 1 in Paper III).
Out of the five most abundant genera cultured (?104 cfu g-1 of each) from the farm barn dust,
three belong to the phylum Actinobacteria (Micrococcus, Kocuria and Rathaybacter) one to
Firmicutes (Bacillus) and one to Proteobacteria (Methylobacterium). Out of these genera all
except for Micrococcus were also found among the DNA clones from the same dust (Fig 3,
Paper III). The genus Bacillus was the only one abundant among the DNA clones (>10 % of
clones) as well as the isolates cultured from the farm barn dust. The predominance of
Actinobacteria among the cultured isolates may reflect the suitability of the R2A medium for
actinobacteria.
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The Gram-positive genera Bacillus, Staphylococcus, and Actinobacterial genera have
dominated in the published culture studies of indoor air (Table 12). Out of these,
Staphylococcus and Actinobacteria, Corynebacterium in particular, were frequent also in the
culture-independent studies described in Papers III and IV of this thesis as well as in the
simultaneously published study of Rintala et al. (2008). This may be due to their high
prevalence on human skin (Gao et al., 2007; Nagase et al., 2002). Skin commensal bacteria
were identified by DNA cloning as the main source of the house dust bacteria also in this
study. The desiccation resistance of Bacillus spores is the likely cause of their high frequency
in cultivation-based studies (Table 12) of indoor dusts (Potts, 1994)
4.6.5 High diversity of bacterial genera in the farm barn dust
Bacterial biodiversities in the house dust and the farm barn dust were analysed using
Shannon-Wiener and Simpson indices as indicators and done separately for the taxons found
by cultivation and by cloning.
The farm barn dust was dramatically more biodiverse than the house dust. This was shown by
both Shannon-Wiener and Simpson indices and for both the cultured and the cloned bacterial
taxons (Table 3, Paper III). Rank abundance distribution curves constructed for the cloned
taxons (Fig 5 in Paper III) as well as the evenness measures (0.87 and 0.64 for the farm barn,
0.68 and 0.58 for the house dust) show, that bacterial taxa were more evenly distributed in the
community from the barn dust as compared to the house dust.
The bacterial community from the house dust was dominated by two taxa (Corynebacterium
and Streptococcus), summing up to ca. 60% of the clones. In the farm barn no taxon reached
such dominance (Fig 5 in Paper III). Similarity of the bacterial communities for the two dusts
was low. The percentage similarities were 0.212 and 0.079, Sorensen coefficients 0.276 and
0.214 for the total clones and for the culturable clones, respectively. DNA clones isolated
from the two dusts thus mainly represented different bacterial genera, indicating qualitative
difference between the bacterial origins of the dust.
The synergistic stimulation of toll-like receptors in DCs has been shown to promote TH1-
polarization of the immunity (Napolitani et al., 2005). The high bacterial diversity of the farm
barn dust may, at least in part, explain the TH1 polarized activity towards the dendritic cells.
4.7 Bacteria in house dusts in Russian and Finnish Karelia
4.7.1 Background
Von Hertzen et al. (2006) reported earlier on the 4-fold lower risk of childhood atopic
diseases in Russian Karelia compared with the Finnish side of the border. This disparity was
not explainable by the geo-climatic environment or different genetic susceptibilities of the
Russian and the Finnish Karelian populations (von Hertzen et al., 2006; Vartiainen et al.
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2002). The very different living conditions, e.g. drinking water quality (von Hertzen et al.,
2007), create a major difference in the human exposure to environmental bacteria on the two
sides of the border. I studied the bacterial composition of house dusts collected from homes in
the Russian (10 homes) and Finnish Karelia (10 homes) (Paper III) to probe the hypothesis,
according to which exposure to bacterial components in childhood via skin, respiratory tract
or gut promotes immunological tolerance and thereby protects from allergic diseases (van
Oosterhout et al. 2005).
4.7.2 DNA cloning revealed major differences between the bacterial
communities in the dusts
The dusts from 10 Russian Karelian and 10 Finnish Karelian homes were pooled into four lots
of five and their bacterial contents analyzed by sequencing of the 16S rRNA gene clones, 234
from the Russian and 231 from the Finnish Karelian dusts. Clone sequences belonging to the
Gram-positive phyla Firmicutes and Actinobacteria, dominated the dustborne bacterial
populations of the dusts from the Russian Karelia (66.7% of clones) but represented only a
minority on the Finnish side (34.2%, proportions test p<0.001). The Russian Karelian dusts
contained nine-fold more of muramic acid (59.2 to 69.7 ng mg-1) as compared to the Finnish
Karelian home dusts (3.0 to 11 ng mg-1). Muramic acid is a subunit of peptidoglycan, the
main component of the Gram-positive cell wall. The phylum-distribution of the clones
supported by the muramic acid contents show that a greater proportion of Gram-positive
bacteria were present in the dusts collected from the Russian compared to the Finnish Karelia.
Gram-negative bacteria in turn were more abundant on the Finnish (39.8%) than on the
Russian side (23.9%, p<0.001). The contribution of chloroplast 16S rRNA genes was eight-
fold higher in the Finnish Karelian dusts (24.7 %) than on the Russian side (3 %), indicating a
higher proportion of plant biomass in the Finnish Karelian dusts.
Figure 2 of paper IV shows the numbers of Firmicutes, Actinobacteria and Proteobacteria
clones representing species unique to or shared between the two sides of the border. Only a
minority of the clones of these three phyla represented species present on both sides of the
border. This shows that the discrepancy between the dustborne bacterial clones from the two
sides of the border extends to the species level (Table 1, Paper IV).
The 16S rRNA gene clones obtained from the four composite home dusts comprised 94
different genera of bacteria, which is more than reported in any previous study on residential
environments (Table 12). Górny and Dutkiewicz (2002) reported 42 different bacterial genera
from homes (n>100) in Poland, and Andersson et al. (1999) found 17 bacterial genera from
schools and day care centres in Finland. Lee et. al (2007) isolated 16S rRNA gene clones
representing 18 different genera from a child-care facility. A high diversity was seen in office
buildings: Rintala et al. (2008) isolated DNA clones representing >100 bacterial genera from
office dusts in Finland.
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Table 12. Bacterial diversity in dust and indoor environments as reported in this thesis and in the literature.
Study Target sites Sites
sampled
No of
isolates
No. of
genera*
Predominant bacterial taxa
Cultivation-independent studies
Paper III Urban house dust 1 139 20 Corynebacterium, Streptococcus, Staphylococcus,
Finegoldia
Paper III Farm barn dust 1 152 38 Staphylococcus, Planococcus, Bacillus, Jeotgalicoccus
Paper IV Russian Karelian homes 10 234 62 Staphylococcus, Corynebacterium, Salinicoccus,
Macrococcus
Paper IV Finnish Karelian homes 10 231 58 Staphylococcus, Rhizobium, Methylobacterium
Rintala et
al., 2008
Office buildings 2 893 117 Staphylococcus, Propionibacterium, Streptococcus,
Corynebacterium, Serratia
Nehme et
al., 2008
Swine confinement building 8 60 15 Clostridia, Bacteroidetes, Lactobacillales
Lee et. al,
2007
child-care facility 1 453 18 Pseudomonadaceae, Oxalobacteraceae,
Cultivation studies
Paper III Urban house dust 1 35 8 Paenibacillus, Deinococcus, Bacillus, Sphingomonas
Paper III Farm barn dust 1 49 18 Micrococcus, Kocuria, Rathaybacter, Bacillus,
Methylobacterium
Andersson
et al., 1999
Schools & day care centres 9 316 36 Bacillus, Arthrobacter, Micrococcus, Acinetobacter,
Deinococcus, Nocardiopsis
Górny and
Dutkiewicz,
2002
Homes >100 ND 42 Micrococcus, Kocuria, Staphylococcus,
Bacillus, Pseudomonadaceae
Lee et. al,
2007
child-care facility 1 29 9 Bacillus, Staphylococcus
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4.7.3 Staphylococcaceae and Corynebacteriaceae clones were frequent in the
Russian Karelian house dusts
Staphylococcaceae was the predominant family in the Russian  home dusts representing
21.4% of all clones (n=234). Staphylococcaceae among the Russian Karelian dust clones
included species of Staphylococcus (12.4%), Macrococcus (3.4%), Salinicoccus (3.4%) and
Jeotgalicoccus (1.7%) (Table 2, paper IV). Staphylococci were fewer (6.9%, p<0.001) among
the DNA clones (n=251) obtained from the Finnish Karelian dusts, and mainly represented
species different from those on the Russian side (Table 2, paper IV).
A total of 93 clones represented Actinobacteria. Members of Corynebacteriaceae were more
frequent in the dusts from the Russian (4.7%) than from Finnish Karelia (1.7%, p=0.08).
Corynebacteriaceae are high G+C Gram-positive bacteria e.g. Corynebacterium and
Mycobacteriu. These contain immunomodulatory compounds such as mycolic acid (Korf et
al., 2006), lipoarabinomannan (Nigou et al., 2003) and high C+G DNA (Häcker et al., 2002).
High G+C DNA may be sub-optimally amplified in PCR and therefore underrepresented in
the clone libraries (Reysenbach et al. 1992, Dutton et al. 1993). By Mycobacterium-specific
qPCR I showed, that the presence of mycobacterial DNA in the dust DNA extracts was
similar to that among the clones (~0.5%). This indicated, at least in the case of mycobacteria,
the absence of bias due to impaired PCR amplification or cloning of high G+C DNA,.
Lipopolysaccharide of Gram-negative bacteria has been suggested as the principal
immunomodulator conferring protection against atopy (Liu et al. 2002; Liu & Murphy 2003;
Gehring et al. 2001; Roy et al. 2003). Novel findings in this study, showing the predominance
of Gram-positive bacteria, the phylum Firmicutes in particular, in dusts collected from homes
in the low-allergy risk Russian Karelia prompts further study on the usage of Gram-positive
bacteria in allergy prevention. This is also supported by the recent reports on the allergy-
protective properties of Lactococcus lactis (Debarry et al., 2007) and Bacillus licheniformis
(Vogel et al., 2008) both belonging to low G+C Gram-positive bacteria, carried out in vitro in
human dendritic cells and in vivo in mouse.
4.7.4 Alpha- and Beta- Proteobacteria in the Finnish Karelian house dusts,
Gamma- Proteobacteria on the Russian side.
Clones of the Gram-negative Proteobacteria were more common among in the Finnish (33
%) than from the Russian (20 %, p<0.001) homes. Oxalobacteraceae (5.6 %) (?-
Proteobacteria) and the plant-associated Rhizobiaceae (?-group) were frequent among the
clones from the Finnish Karelian house dusts (Table 1 in Paper IV). The presence of plant-
associated Rhizobiaceae is congruent with the high prevalence of chloroplast 16S rRNA
genes indicating dust components of plant origin in the Finnish Karelian house dusts. The
lipopolysaccharides of several rhizobial species (Tsukushi et al., 2004, Vandenplas et al.,
2002) and of ?-Proteobacteria in general (Batut et al., 2004) have been reported as less
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immunoreactive than the enterobacterial LPS. Clones of the ?-group were the most prevalent
Proteobacteria from the Russian Karelian dusts. Among them was Acinetobacter, recently
shown to reduce allergic reactions in mice and to induce a TH1-polarized immune response in
human dendritic cells (Debarry et al. 2007).
4.7.5 The 16S rRNA gene clones assigned to species disclose the sources of the
house dusts
Out of the 465 clones obtained from the Russian and Finnish Karelian home dusts, 242 were
assigned to a cultured, validly described bacterial species on the basis of nucleotide identity
>97 %. The cloned 16S rRNA genes were sequenced between the nucleotide positions 1 to
500 (read length 220 to 484 nt).
Out of the 242 species-assigned clones, 238 belonged to the phyla Firmicutes, Actinobacteria
or Proteobacteria. The species and their biotopes as reported in the literature (human-,
animal-, plant- and environment-associated species) are scored in Table 2 of Paper IV.
Animal-associated species were frequent (27 clones, 14 species) among the house dust clones
from the Russian side whereas only one species was found exclusively from the Finnish side.
One explanation for this could be pet animals: 73 % of the Russian and 36 % of the Finnish
Karelian children (age 1-9 years) were reported by von Hertzen et al. (2006) to own cats. In
contrast, clones of plant-associated species were more frequent in the Finnish (31 clones) than
in the Russian Karelian dusts (10 clones). Human-associated and environmental species were
found on both sides of the border but the species composition did not overlap. Several studies
have connected childhood contacts to pets and farm animals with lower risk of allergic
disease (Pohlabeln et al., 2007; Ege et al., 2007), and bacteria associated with the animals
have been suggested to cause the allergy protective effect (Svanes et al., 2003).
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5 Conclusions
1. We developed a real-time qPCR method, utilizing primers and probes targeted for
mycobacterial 16S rRNA genes. The method enabled culture-independent quantification of
mycobacterial DNA in the environment.
2.  I found in Finnish sphagnum peat, sandy soils and mud high numbers, 106 to 107 genome
equivalents of the mycobacterial 16S rRNA gene per gram. This result was obtained both
using qPCR and Mycobacterium-specific 16S rRNA hybridization. I conclude from this that
the mycobacterial DNA most likely represented live cells.
3. I investigated the occurrence of environmental mycobacteria in bedding materials used on 5
pig farms with high prevalence (>4 %) of mycobacteriosis. I found, using the probe qPCR
assay, 105 to 107 genome equivalents of mycobacterial DNA in the unused bedding materials.
This shows that there was a source of mycobacteria in the piggery.
4. I found that the content of mycobacterial DNA increased from 105 to 108 genome
equivalents per gram during the use of the bedding materials in the piggery. This shows that
mycobacteria grew in the piggery.
5. We searched for explanations for the polarized immunoreactivities of two indoor dusts,
TH2-active urban house dust and TH1-active farm barn dust. Four possible explanations were
found: (i) The fragmented bacteria (< 1 ?m particles) contained in the urban house dust may
drive the TH2 response more effectively that the intact cells making up the biomass in the
farm barn dust. (ii) Based on the DNA cloning analysis the urban house dust contained mainly
species known as human skin and oral commensal bacteria, e.g. Corynebacterium,
Streptococcus, Staphylococcus and Finegoldia. These may be TH2-active as is known for
Streptococcus mitis. (iii)  DNA cloning of the farm barn dust yielded clones representing
Bacillus licheniformis, Acinetobacter lwoffii and Lactobacillus, reportedly TH1-active and
allergy-protective. Farm barn dust may thus be a source of allergy-protective bacteria. (iv)
The TH1-active farm barn dust originated from a more diverse bacterial community than the
TH2-active house dust. The farm barn dust may thus drive the TH1 polarization of the human
dendritic by its simultaneous and synergistic stimulation receptors, reported to promote the
TH1 response.
6. I investigated the bacterial origins of house dusts collected from the Russian and the
Finnish Karelia, to find explanations for the large differences in the prevalence of allergy
between the geographically adjacent areas. My analysis of the DNA clones isolated from
house dusts collected from the Russian Karelian homes revealed a predominance of Gram-
positive bacterial taxa and of animal-associated bacterial species. Both were minor groups
among the DNA clones from the Finnish side, where Gram-negatives and plant-associated
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bacteria dominated. Based on these findings I hypothesize, that the animal-associated bacteria
possess allergy-protective compounds absent from the plant-associated bacteria and Gram-
negatives.
57
6 Tiivistelmä
Työni kuvailee ihmisen bakteeriympäristön kahta osa-aluetta:
1. Ympäristöstä tarttuvien ei-tuberkuloottisten mykobakteerien lähteitä.
2. Pölyn bakteereita ihmisen ilmavälitteisen altistuksen kuvaajina allergialta suojaavissa ja
allergialle altistavissa ympäristöissä.
Ei-tuberkuloottiset mykobakteerit (non-tuberculous mycobacteria, NTM) tarttuvat ihmisiin ja
eläimiin ympäristöstä. NTM:en aiheuttamat infektiot ovat lisääntyneet Suomessa viimeisen
vuosikymmenen aikana ylittäen varsinaisen tuberkuloosin (Mycobacterium tuberculosis -
infektioiden) määrän. Sian mykobakterioosi on yleisin tuotantoeläinten mykobakteeritauti
Suomessa. Mykobakteeri-infektioon viittaavia muutoksia tavataan keskimäärin 0.34 %:lla
teurastetuista sioista. Epäiltyjä NTM-infektiolähteitä ihmiselle ovat maaperä ja juomavesi ja
sioille kuivikkeet. Ihmisen ja sian mykobakteeri-infektioiden lähteiden tunnistaminen vaatii
kvantitatiivisia menetelmiä.
Me kehitimme kvantitatiivisen PCR-menetelmän (qPCR), joka perustui Mycobacterium -
suvun bakteereiden 16S rRNA geeneihin kohdistetuiden alukkeiden käyttöön. Löysin tällä
menetelmällä suomalaisesta turve-, hiekka- ja mutamaista mykobakteeri DNA:ta korkeina
pitoisuuksina, 106 - 107 genomiyksikköä grammaa maata kohti. Vastaava tulos saatiin myös
menetelmällä, joka perustui mykobakteerispesifiseen 16S RNA-hybridisointiin. Koska
tätärRNA:ta esiintyy pääasiassa elävissä soluissa, saatu tulos osoittaa että qPCR:n avulla
mitattu DNA oli pääasiassa peräisin elävistä mykobakteereista.
Tutkin seuraavaksi mykobakteereiden esiintyvyyttä kuivikemateriaaleissa viidellä sikatilalla
jotka valittiin suuren (>4 %) mykobakterioosiesiintyvyyden perusteella. Käyttäessäni edellä
kuvattua qPCR menetelmää maaperän ja sikalakuivikkeiden tutkimiseen löysin
kuivikemateriaaleista korynebakteerien DNA:ta joka monistui käyttämälläni qPCR
menetelmällä huolimatta useista epäpariutuvuuksista PCR-alukkeiden kanssa. Tästä syystä
paransin qPCR-menetelmää suunnittelemalla mykobakteereille spesifiset
hybridisointikoettimet. Koetinmenetelmän avulla löysin käyttämättömistä kuivikkeista 105 -
 107 genomiyksikköä mykobakteeri-DNA:ta grammaa kohti ja sikaloissa käytön jälkeen jopa
tuhat kertaa suurempia pitoisuuksia. Tulokset osoittavat että sikaloihin hankituissa
kuivikkeissa oli mykobakteerilähde ja että mykobakteerit lisääntyivät kuivikkeen sikalakäytön
aikana.
Allergiset sairaudet ovat yleisiä kaupungistuneissa maissa. Samanaikaisesti
maatalousympäristössä tai vaatimattomissa oloissa vietetty lapsuus liittyy matalampaan
allergiariskiin. Maatilaympäristön immuunivaikuttavien mikrobituotteiden uskotaan estävän
allergian kehittymistä.
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Hain työssäni eroja kahden sisätilapölyn, TH2 immunoreaktiivisen kaupunkiasuntopölyn ja
TH1 -immunoreaktiivisen maatilapölyn, bakteerikoostumusten välillä. Yhteistyökumppanini
olivat selvittäneet pölyjen immuunivaikutukset in vitro ihmisen dendriittisoiluissa ja in vivo
hiiressä. Tutkitut pölyt olivat kertyneet tutkimuskohteissa hengityskorkeudella (> 1,5 m
lattian yläpuolella) yli kymmenen vuoden kuluessa ja siten edustivat hengitysilman
bakteerikoostumuksen pitkäaikaista keskiarvoa. Tutkin pölyjä kloonaamalla ja
sekvensoimalla bakteerien 16S rRNA geenejä pölyjen sisältämästä DNA:sta. Eristin TH2-
immunoreaktiivisesta kaupunkiasuntopölystä 139 DNA-kloonia. Yleisimmät bakteerisuvut
kloonien joukossa olivat Corynebacterium (5 lajia, 34 kloonia), Streptococcus (8 lajia, 33
kloonia), Staphylococcus (5 lajia, 9 kloonia) and Finegoldia (1 lajia, 9 kloonia). Lähes kaikki
näistä lajeista tunnetaan ihmisen ihon ja suuontelon asukkaina. Corynebacterium -lajien on
todettu sisältävän anti-inflammatorisia lipoarabinomannaaneja ja Streptococcus -lajien
immunoreaktiivisia betaglukaaneja. Kaupunkiasuntopölystä löytynyt Streptococcus mitis -
lajin tiedetään aiheuttavan allergisille sairauksille tunnusomaisen TH2-tyyppisen
immunireaktion.
Eristin TH1-immunoreaktiivisesta maatilapölystä 152 DNA-kloonia ja löysin hyvin erilaisia
bakteerilajeja kuin kaupunkipölystä. Löysin mm. klooneja, jotka edustivat Bacillus
licheniformis, Acinetobacter lwoffii and Lactobacillus -lajeja, joiden on todettu omaavan
allergiaa ehkäiseviä immuunivaikutuksia. Bakteeriyhteisö maatilapölyssä oli huomattavasti
monimuotoisempi kuin kaupunkiasuntopölyssä. Maatilapöly näinollen altisti ihmisen
dendriittisolut yhtäaikaisesti useille erilaisille mikrobikomponenteille. Tällaisen altistuksen on
todettu edistävän TH1-immuniteetin syntyä. Pölyn mikrobiologinen monimuotoisuus ja
immuunivaikutukset saattavat siis liittyä toisiinsa. Mikroskopointi ositti, että maatilapölyn
bakteeribiomassa koostui pääasiassa ehjistä elävistä soluista. Kaupunkiasuntopölyn
bakteeribiomassasta vain likimäärin 1 % koostui ehjistä soluista. Hajonneiden solujen
immuunireaktiivisuus voi poiketa ehjien solujen aktiivisuudesta.  Tämä todettiin hiljattain
homeilla. Mikäli sama pätee bakteerilla, tutkimieni pölyjen erilaiset immuunivaikutukset
voivat selittyä pölyjen bakteeribiomassan eheydellä. Tarjoamme edellä esitettyjen tulosten
perusteella kolmea mahdollista tekijää selittämään pölyjen vastakohtaisia
immuunivaikutuksia: (i) bakteeribiomassan lajikoostumus, (ii) lajiston monimuotoisuus sekä
(ii) bakteerisolujen eheys.
Lapsuusajan atooppisten sairauksien riski on Venäjän Karjalassa vain neljäsosa siitä mitä se
on Suomen Karjalassa. Tämä ero ei selity luonnonmaatieteellisillä olosuhteilla tai eroilla
väestöjen perinnöllisissä alttiuksissa. Eron täytyy siten liittyä elämäntapoihin. Juomaveden
mikrobiologisen laadun on jo todettu eroavan huomattavasti Venäjän ja Suomen Karjalan
välillä. Tutkin Venäjän ja Suomen Karjalan kodeista kerättyjä huonepölyjä yhteistyössä
allergiatutkijoiden kanssa. Havaitsin, että Venäjän Karjalan kotipölyistä eristetyt DNA-
kloonit (10 kotia, 234 kloonia) edustivat pääasiassa Gran-positiivisia bakteereita (pääluokat
Firmicutes ja Actinobacteria). Venäjän Karjalan pölyt sisälsivät myös yhdeksän kertaa
enemmän muramiinihappoa (60 - 70 ng mg-1) kuin Suomen puolelta kerätyt pölyt (3 - 11 ng
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mg-1). Suomen Karjalan kotipölyistä eristettyjen DNA kloonien joukossa esiintyi runsaammin
Gram-negatiivisten (40 %) kuin Gram positiivisten (34 %) bakteeriryhmien edustajia.
Venäjän ja Suomen Karjalan kotipölyistä eristetyistä DNA klooneista (n=465)  242 tunnistui
viljellyn, validisti kuvatun bakteerilajin edustajaksi. Eläimille ominaiset bakteerilajit, mm.
Staphylococcus ja Macrococcus -lajit, olivat yleisiä Venäjän Karjalan pölyissä (27 kloonia, 14
ominaista lajia). Tämä löydös voi liittyä Venäjän puolen matalaan allergiariskin, sillä
lapsuusajan altistuksen koti- ja tuotantoeläimille on todettu vähentävän allergiariskiä.
Kasveille ominaiset bakteerilajit ja kasviperäiset viherhiukkasten 16S rRNA geenit olivat
runsaasti edustettuina Suomen Karjalan pölyissä. Tulos kertoo kasviperäiseen aineksen
osuudesta pölyissä.
Työni osoitti kolme merkittävää eroa Venäjän ja Suomen Karjalan kotipölyjen
bakteerikoostumusten välillä: (i) Gram-positiivisten bakteerien suuri osuus Venäjän puolella
ja Gram-negatiivisten suuri osuus Suomen puolella, (ii) eläimille ominaisten bakteerien suuri
määrä Venäjän Karjalan pölyissä ja (iii) kasveille ominaisten bakteerien yleisyys Suomen
Karjalan kotipölyissä. Yksi tai useat näistä tekijöistä voivat liittyä allergiariskin eroihin
Venäjän ja Suomen Karjalan välillä.
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